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I. INTRODUCTION

The analysis of the Log Compression Amplifier Circuit was
funded by Jet Propulsion Laboratories, Pasadena, California, under
contract Number AV4-224494. This report, describing the results of
the analysis and methods employed, fulfills the contractual obligation.

The report is organized into eight sections and an appendix.
Section II deals with the approach used in analyzing the circuit, and
justifies the underlying assumptions of the methods., The variations
in output currents from nominal to worst-case conditions are also
presented in Section II in the form of composite curves,

Considerable difficulty was encountered in obtaining parts data
for this circuit, In some cases assumptions had to be made. The
parts data and all assumptions were carefully checked with the com-
ponent specialists in the Quality, Reliability, and Standards Division
of Autonetics. A complete description of the parts data appears in
Section III of the report.

Sections IV through VI present the summarized results of the
computer circuit analysis methods, Autonetics has been using com-
puters for the analysis of circuits for a number of years with a great
deal of success. A very extensive library of circuit analysis computer
routines has been developed within the company. These routines are
used, primarily, as design aids to the circuit analyst. They enhance
the capabilities of the analyst by enabling him to obtain results which
would be impossible to duplicate manually. In addition, they ensure
a high degree of accuracy and reduce the time required for analysis.
A detailed description of one of these computer routines (MANDEX
Worst-Case), used in this analysis, is included as Appendix I.

Of primary importance in the analysis of the L.og Compression
Amplifier was the behavior of the circuit under large temperature
fluctuations, The MANDEX computer routine was especially modified
to perform the necessary calculations. Section VII describes the
methods and results of the detailed temperature analysis. The component
parts that are most influential in changing the output variables, under
temperature changes, are isolated.

A summary of the conclusions is presented in Section VIII.

I-1
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II. METHOD OF ANALYSIS

The Log Compression Amplifier (LCA) consists of seven ampli-
fying stages. The schematic of the LCA is shown in Figure 1. This
schematic was received from Jet Propulsion Laboratories (JPL).

Two approaches were considered for the analysis of this cir-
cuit: (1) the circuit could be analyzed stage-by-stage or (2) the
circuit could be analyzed in two parts. The entire circuit could not
be analyzed by any existing computer programs because of the large
number of parameters involved, i.e., components. The second

method was selected so the effects of the dc and ac feedback could be
included.

The circuit was split into two parts. The point at which the cir-
cuit was split is shown in Figure 2.

This break-point was selected because there is no dc feedback
from the second part of the circuit to the first part. If the voltage at
the emitter of Q249 and Q254 are equal, there will be no dc current in
R591 caused by the second part of the circuit. It was assumed that
this dc current was negligible. The assumption was checked by com-
paring similar voltage points in both the first and second parts of the
circuit. In the first part, similar voltage points are at the emitters
of Q242 and Q247. In the second part, similar voltage points are at
the emitters of Q252 and Q257. These voltages are shown in Table 1
along with the dc voltage at the emitter of Q249.

Table 1. Voltage Points at Emitters of Q252 and Q257

Worst Case
Nominal Max Min
VE Q242 4.594 7.381 2.172
VE Q247 4,550 7.386 2.086
VE Q252 4.342 7.244 1. 886
VE Q257 4.554 6.608 2.706
VE Q249 4.498 7.368 2.014

I1-1
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Q251

R592

R549

FIRST PART

SECOND PART

Figure 2. Schematic Showing the Point at Which
the Circuit was Split

It can be seen from these voltages that splitting the circuit at
this point had little effect on the dc¢ solutions.

An ac feedback path exists from the second part of the circuit to
the emitter of Q249 through resistor R589. This ac feedback was
taken into account in the ac analysis.

1. DC ANALYSIS

The first and second parts of the circuit were analyzed using a
DC MANDEX Worst-case Circuit Analysis. This analysis gives the dc
node to ground voltages. The dc circuits, with the appropriate node
numbers, are shown in Figures 3 and 4. The results of these analyses
are given in the sections titled '""DC MANDEX. '

II-5
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Figure 3. DC Circuit (First Part) Showing Node Numbers
Used in DC MANDEX
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The dc input to the first part of the circuit was taken as 1 volt in '
series with a 200 ohm resistance. This data was obtained by a phone
call to JPL. The +12 volts and -6 volts were given a tolerance of £l10
percent. All of the diodes were assumed to be cut off. This assump-
tion was checked by verifying that the voltages at the diode nodes were
between +0.5 volts. All transistors were assumed to be in the active
region of operation. This assumption was checked by verifying that
the transistor base emitter voltages were more positive than 0.631
volts and that the collector emitter voltages were positive.

Results of the dc analysis indicate that the transistors will
remain in the active state under worst-case bias conditions at 25 C.
It should be noted that this only applies to the dc bias conditions and
does not indicate the state of the transistors when an ac signal is
applied.

2. AC ANALYSIS

The ac analysis was conducted by assuming that all capacitors
in series with resistors were short circuits and all filter capacitors
were shorted to ground. The circuits used for the ac analysis are
shown in Figures 5 and 6. The node numbers correspond to the number
used inthe ACMANDEX Worst-Case circuit Analysis.

The ACMANDEX Worst-case Circuit Analysis of the first part of
the circuit was conducted with an ac input voltage of 0.1-volt peak.
All of the results of this analysis may be taken as peak voltages and
currents. This analysis was also conducted with all transistors in the
active state and with all diodes reverse biased.

Results of the AC MANDEX give the partial derivatives of the
output currents with respect to each input parameter, i.e., component.
The signs of these partial derivatives were used to set the input param-
eters to a worst-case setting in the Envelope Program. If the sign of
a partial derivative of a load current (with respect to a parameter) is
positive, the parameter is set to its maximum to obtain a worst-case
maximum of the load current. If the sign of the partial is negative,
the parameter is set to a minimum. This procedure is reversed if a
worst-case minimum of the output current is desired.

II-10
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Used in AC MANDEX Analysis
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The Envelope Program was used to obtain plots of the output
currents as a function of the input voltage at 25 C and -50C. Three
plots of each output current were obtained at each temperature. These
three plots correspond to the maximum, nominal, and minimum values
of the output currents. Composite plots of each load current, with the
nominal and extreme values, at each temperature are shown in figures
10 thru 17. The exact values of the parameters in any circuit are un-
known. [f the parameter extremes used are realistic, it may be
stated that the load currents of the circuit will lie between the maxi-
mum and minimum curves. The shape of the curve of output current
versus input current should closely approximate the curves obtained
from experimental checks on the actual circuit. A description of the
Envelope Program. which is the analysis technique used to obtain
these curves. tollows.

The Envelope Program requires the ac and dc c¢ircuit equations,
ac and dc parameter values. and the values used to represent the
diodes. The dc equations are solved to find the diode offset voltages.
The ac equations were solved to find the peak values of the output
currents.

The operation of the log compression amplifier depends upon the
non-linear characteristics of the diodes. Diodes in the Envelope Pro-
gram were represented by three linear segments. The three linear
segments were referred to as cutoff. active. and saturated. Figure 7
shows the type of diode characteristics used in the analysis.

I SATURATED
ACTIVE |
CUTOFF |
l |
Vl V2V3V4
Figure 7. Piecewise Linear Diode Characteristic Showing

Source and Break Point Voltages

I1-14
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The cutoff, active, and saturated names were used because the
program was originally designed to solve circuits with transistors in
the three possible states. The program was modified to analyze the
log compression amplifier.

To start the Envelope Analysis, the states of all diodes were
assumed. The total voltage (ac plus dc) across each diode was calcu-
lated. The states of the diodes can be determined from the following
table:

Table 2. Diode Status

Diode Voltage State
vD
VD < V2 1 or cutoff
v2 € VD < V4 2 or active
VD Z V4 3 or saturated

The assumed states were then compared with the calculated
states. If the states agreed, the solution was valid; if the states did
not agree, then a new combination of states was tried. A list of possible
combinations of states were given to the program. These states are
shown in Figure 8. If the solution did not exist in the given combin-
ations, then the input voltage was stepped to a new value. In some of
the computer outputs, points of zero current will be found. These
points correspond to points at which no solution could be found.

In the ac analysis of the circuit, it was assumed that saturated
diodes consisted of a small resistance in series with an ac voltage
source. The ac voltage source was given a value of V3 (see Figure 6},
plus or minus the dc voltage across the diode. This dc voltage is the
diode offset. The diodes which point to ground had the dc voltage added
while those which pointed away from ground had the dc¢ voltage sub-
tracted. A similar procedure was followed for diodes in the active
region with the voltage V1 being used in place of V3.

I1-15
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Each stage, following a stage with a saturated diode, will also
have one of its diodes saturated. An investigation of the cause of the
computer routine not being able to find a combination of states revealed
that if a first stage diode saturated, then one of the diodes in the last
stages would try to go from the saturated to the active region. This is
caused by the amplification of the relative small ac signal appearing
across the small saturated diode resistances.

The first part of the circuit was analyzed with a resistance of 6K
in parallel with R591. This resistance corresponds to the nominal ac
input resistance of the second part of the circuit and was calculated by
an Envelope Analysis of the second stage with all parameters set to
their nominal values. A plot of the slope of this ac input resistance is
shown in Figure 9. The input resistance of the second stage was
arbitrarily given a +10 percent tolerance.

The second part of the circuit was analyzed by assuming that the
input voltage was applied through a 1. 03K resistance. This resistance
is the hand calculated value of the output resistance of the first part of
the circuit. Maximum and minimum values of the output resistance
were determined by calculating the worst case values using the param-
eter extremes. The maximum and minimum values were determined
to be 2.01K and 0.364K. The output resistance was calculated from
the following equation:

) R591 (R586 + hjeg)
out = R586 +h. + R591 (1 +h
ie8

fe8)

Curves for the maximum values of load current were obtained by
setting the circuit parameter values to their appropriate high and low
limits and then running the Envelope Analysis as before. The proper
parameter settings were obtained from the results of the AC MANDEX
Circuit Analysis. For example, on calculating the maximum curve of
[L, the parameter settings that caused a worst case maximum in the
AC MANDEX analysis were used. Similar procedures were used to
obtain the curves for all other maximum and minimum load current
curves., The load resistances used in these calculations were taken as
100 ohms =20 percent. The components which appear in only the dc
circuit were assumed to remain at their nominal values for all load
current curves at 25 C.

II-17
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3 v
1 IN Vs, IIN PART 2

NOMINAL @ 25°C

Figure 9. Input Current of Second Part of Circuit as
a Function of Input Voltage
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The curves at -50 C were obtained by multiplying all parameter
values by their temperature coefficients and the temperature change.
The temperature coefficients of the voltage sources, i.e., +12 and -6
volts, were assumed to be zero since no other information was avail-
able. The procedure used to obtain the maximum and minimum curves
at the new temperature was to multiply the values used for maximum
and minimum curves by the product of the parameter temperature
coefficients and the change in temperature. The temperature co-
efficients for the transistor parameters were obtained by assuming a
straight line approximation between the values at 25 C and minus 50 C.

The results at -50 C include the effects of bias stabilization due
to emitter resistances and dc feedback since the dc solutions were
included in the calculations. The effects of the temperature change on
the transistor biases can be seen by inspecting Vc~p and VpBE on the
print out of the Envelope results of the first part of the circuit. It
should be noted that the Vpg voltage is the ac value only because the
value of the transistor barrier potential has been subtracted from the
total value. The Vpg and Vcp values are the total peak voltages.

The sum of the output currents for the first and second parts of
the circuit can be obtained for any input voltage by using the output
voltage of the first part as the input voltage to the second part of the
circuit.
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III. INPUT PARAMETER DATA

1. INTRODU CTION

In order to perform the circuit analysis necessary information
for each input parameter consists of:

A. The nominal value
B. The maximum and minimum tolerance
C. The temperature dependence of the parameter

The necessary input parameter information was obtained from
Figure 1 , commercial specifications, component manufacturers, and
Autonetics' component specialists.

2. SOURCES OF INPUT PARAMETER DATA
2.1 Resistors

The resistance values were available from Figure 1 and tolerances
were obtained verbally from JPL. A typical temperature coefficient for
this type of resistor was obtained from an Autonetics resistor specialist.

2,2 Diodes

A diode is represented by a multi-parameter equivalent circuit.
The diode dc equivalent circuit is obtained from the static character-
istics, The broken curve in Figure 18 shows the V-I characteristics
of a typical diode. Three piecewise linear approximations (represented
by solid lines) have been made for the curve in Figure 18.

The dc equivalent circuit suggested by the linear approximations
is shown in Figure 19, Rp is the reciprocal of the slope of the
straight line approximations and Vp is the voltage intercept of the
straight lines on the abscissa of the curve.

The intersection of the straight line approximations shown in
Figure 18 as Vjp and V3 represent the voltage points at which the
equivalent circuit must change the parameter values. The computer
automatically selects the correct value of Rp and VD to be placed in
the equivalent circuit.
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CURRENT

V23

l
l
l
D D,  VOLTAGE

Figure 18. V-I Characteristics of a Typical Diode

Figure 19. Equivalent Circuit Suggested by Linear Approximations
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The typical capacitance of the IN459A diode is 5pf*. The shunt
capacity can be neglected in the ac equivalent circuit for an operating
frequency of 2ZKC. The ac equivalent circuit for the diode is therefore
the same as the dc equivalent circuit shown in Figure 19 with the voltage
source VD removed.

Input parameters necessary for the diode equivalent circuits are
therefore Vpj and Rpy. The commercial specification sheet* for the
IN459A contains the nominal characteristic curve for the diode and the
temperature dependence. Continental Device Corporation supplied the
tolerances of one point on the curve. Since the tolerance of only one
point was available, it was necessary to assume that each point varied

by the same percentage in order to predict the tolerance on the input
parameters.

2.3 Transistors

A transistor is also represented by a multi-parameter equivalent
circuit. The broken curves in Figure 20 show the collector-emitter and
base-emitter VI characteristics of a typical transistor. Linear
approximations represented by solid lines have been made for these
curves in the active region. The dc equivalent circuit which represents
these curves is shown in Figure 21. The reciprocal of the slope of
the linear approximation shown in Figure 20(b) is h;, and the voltage
intercept of the straight line on the absicssa of the curve represents
Vp. The slope of the linear approximation made in Figure 20(a) is
hpe and the current intercept, I' of the straight‘ line on the ordinate
divided by I'B, is equal to hpg. IcpE is the collector-base leakage
current. The specification sheet for the 2N708%% lists the minimum
current gain as 3 at 100 mc and the collector base capacitance as 6pf
at Vcp = 10V, At an operating frequency of 2KC the transistor
capacities and cutoff frequency may be neglected. The ac equivalent
circuit is therefore the same as the dc equivalent circuit shown in
Figure 21 with VB and I~gp removed. However, the static value of
hp g is replaced by the dynamic value, h¢e. The necessary input
parameters for the transistor are therefore:

FE

fe

*TI Commercial Spec Sheet
**Fairchild Commercial Spec. Sheet
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——— . —_— .
-

: ’ o
Figure 20, Collector-emitter and Base-emitter V-I
Characteristics of Typical Transistor

h

oe
h,

ie
VB

ICBO

Information necessary for hFE’ hoe’ and ICBO was available
from the commercial specification®*, The specification contained the
nominal value and temperature dependence of Vp; however, the
tolerances were not available. A tolerance of *20 percent was
established to yield a margin of safety. h;, was not available from the
commercial specification or through contact with the transistor
manufacturers. An approximation was made using the relation that

"Fairchild Commercial Spec. Sheet .
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ICBO hoe
ANV~
v
+ B hie
B O—e@- “ l, .V,V,V *—9 ¢ ——0C
hFE IB

oNe,

Figure 21. DC Equivalent Circuit Representing Collector -
emitter and Base-emitter Characteristics
of Typical Transistor

.= r' 4+ (l+h__)r ., r is the emitter-base diode forward resistance
ie b FE e e KT

which is approximately equal to

I from theideal diode equation.
g

The value of I was obtained from a hand calculation of the emitter
current. The tolerance of hj, was obtained by inserting the tolerances
on hppg into the equation.

Due to the large circuit resistance in series with h. , the error
introduced in making the preceding approximation should be negligible.
h¢, was not listed on the specification sheet due to the fact that the
2N708 is a switching transistor and the parameters listed are for that
application. The transistor manufacturers were contacted concerning
this parameter and were unable to supply the necessary information.
The approximation that the h¢, is equal to hyy was therefore
necessary.
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The following table presents the input parameter data used
in the computer circuit analysis.
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IV. DC MANDEX WORST-CASE ANALYSIS

As part of the overall analysis, a DC and AC MANDEX Worst
Case Analysis was performed on each part of the Log Compression
Amplifier. The MANDEX analysis is explained in detail in Appendix I,
therefore, no explanation of the program will be given at this point.

Of prime concern in the DC MANDEX analysis was the biasing of
the diodes and transistors. The compression characteristics of this
circuit depend upon symmetrical diode characteristics and theoretically
there should be 0 volts dc across the diodes. Any voltage appearing
would cause a dc offset of the characteristics which could result in
impropér circuit operation.

The results of the DC MANDEX analysis for both parts of the
circuit are presented in Table 4. This table includes only the node
voltages which are either diode or transistor biases.* For each bias
voltage, the maximum, nominal, and minimum values to ground are
presented.

The diodes are connected to the bases of transistors 1, 3, 5, 7,
9, 11, and 13. It can be noticed that the dc biases are negative. The
greatest negative value (the minimum) which appears is for the diodes
connected to the base of transistor £#5, Q246 and is -0. 109 volts. The
diodes used in this circuit do not start turning on until a bias of approxi-
mately 0. 56 volts anode to cathode is present. However, this offset
may be enough to distort the compression characteristics. It should be
remembered that this is the worst case condition that might occur, not
the probable one. At nominal conditions, the dc offset of the diodes is
between -0.057 and -0.043 volts, which should not disturb circuit
operation at all.

The voltages presented in Table 4 are the node voltages of the
circuit with reference to ground. It was of interest to investigate the
transistor bias voltages VBE and Vcp. These values have been
extracted from Table 4 and presented in Table 5 for convenience.
These are the nominal voltages only. It should be noted that maximum
VBE should not be obtained by subtracting minimum emitter voltage
from the maximum base voltage. This will yield erroneous results

*Since the diodes are connected between the base of some of the
transistors and ground, only transistor voltages appear in the table.
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Table 5. Nominal Transistor Bias Voltage VBE and VCB (in volts)
VBE VCB
1 .692 5.424
2 . 783 6.110
3 . 690 5.598
4 . 803 5.932
5 . 692 5.389
6 . 782 6.194
7 . 692 5.328
8 . 782 6.246
9 . 693 5.166
10 . 781 6.404
11 .692 5.191
12 . 782 6.379
13 . 693 5.384
14 . 785 6.661

because it is not possible to physically realize both of the afore-
mentioned conditions simultaneously. A check of the biases determined
from

VB(MAX)-VE(MAXHdeC(MAX)-VB(MAX),
as well as
VB (MIN) - VE (MIN) and '\/C (MIN) - VB (MIN),

Iv-3
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indicate that there is no danger of parameter drift causing unallowable .
transistor bias voltages.

Power dissipations can be included as output variables in the
MANDEX Program. However, since there was no interest in these
values at JPL, they were omitted. If it is desired to determine these
values some time in the future, the values of the node vollages and the
impedances which have been presented are sufficient to determine any
power of interest.

Overall, the dc stability of the circuit from worst case minimum
to worst case maximum is acceptable.
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V. AC MANDEX

A MANDEX AC Analysis was run on each of the two parts of the
LCA. The primary reason for these runs was to obtain the worst case
parameter values of the input parameter for worst case Envelope
analysis of load currents IL1, IL2, IL3, and IL4, However, as a by-
product of these runs, worst case high and low values of these currents
were calculated. These values were calculated with 0.1 volts applied

to each input.

Table 6. I and I. _ in Milliamps for 0.1 Volt Input

L1 L2
L1 IL2
MAXIMUM . 115 -.062
NOMINAL . 069 -. 186
MINIMUM .035 -.412

Table 7. I and IL4 in Milliamps for 0.1 Volt Input

L3
IL3 1L.4
MAXIMUM . 140 -.093
NOMINAL .084 -.291
MINIMUM . 040 -.621

From the AC MANDEX results it was seen that the worst-case
parameter values for I} | minimum were in most cases the same as
those for I1,2 maximum. The same relationship also holds for I1
maximum and I],2 minimum and the currents of part two. This
implies that a worst case minimum for I1,] occurs at almost the same
time a worst case maximum I 2 occurs. From Table 6 we can deter -
mine the nominal, maximum, and minimum values of the sum of the
magnitudes of IL| and IL,. These sums are respectively 0.255 milli-
amps, 0,527 milliamps, and 0, 097 milliamps. This is a variation high

* The magnitudes can be added since the currents feed into opposite
ends of a center topped transformer.
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by a factor of 2. 1 and a variation low by a factor of 1/2 .6, Since the
input to both parts of the circuit was . 1 volt the magnitudes of all four
currents cannot be added. However, when summed under proper input
voltages the variations from nominal cannot help but be worse than the
above indicates,

The AC MANDEX results also show that the change in h¢, of
transistors Q242 and Q247 contributed 32 and 33 percent, respectively,
to the change in I},] at worst case maximum parameter values and
24 and 35 percent, respectively, at worst case minimum parameter
values., The hfe of transistors Q242, 244, and Q247 contributed
18, 16, and 16 percent, respectively, to the change inlj , at worst
case maximum parameter values and 24, 21, and 22 percent, respec-
tively, at worst case minimum parameter values.

The same results hold for I 3 and I} 4 of part 2 where 1] 3
behaves similar to I ) and I} 4 similar to Iy 2+ hge of transistors
Q252 and Q254 contribute 30 and 32 percent, respectively, to the
change in Iy 3 at worst-case maximum parameter values and 22 and
23 percent, respectively, at worst-case minimum parameter values.
h¢, of transistors Q252, Q254 and Q257 contribute 17, 16, and 13 per-
cent, respectively, to the change in I} 4 at worst case maximum
parameter values and 23, 22, and 16 percent, respectively, at worst
case minimum parameter values.

If it is desired that this circuit operate under worst-case con-
ditions and the above-mentioned variations of current are not accept-
able, then a transistor with tighter specification on hy, must be used.
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V1. DESCRIPTION OF THE OUTPUT OF ENVELOPE

Figure 22 is a list of circuit information which is pertinent to the
routine. Lines 3 and 4 give the number of equivalent circuit compon-
ents per active element. Figures 23 through 25 is a list of the fixed
parameters at nominal, minimum, and maximum values.

Figure 26 is a list of the variable input parameter information.
When analyzing the Log Compression Amplifier, the input voltage to
each half of the circuit was varied. The list indicates that the input
ac voltage, ENAC, was varied from -2.5 volts to 2. 5 volts in 20
steps.

Figure 27 is a list of maximum, minimum, and nominal values
of the diode parameters in three possible states. The cutoff para-
meters are the values of the diode parameters on the high resistance
and low current portions of the diode curves. The saturated para-
meters are those of the low resistance, high current portion of the
diode curve. The active parameters represent the diode on the por-
tion of the diode curve between the high and low portions.

Figure 28 is the first page of the output solution data. It indicates
which input variable is being varied and which output is being plotted
and whether the plot is a maximum, minimum, or nominal plot.

Figures 29, 30, and 31 give the value of the input variable, ENAC, at
which the diode changed state and also gives the states of the diodes
after the change. Figure 28 shows that at the start (with ENAC = -2.5
volts) diodes 1, 4, 5, and 8 were cutoff and diodes 2, 3, 6, and 7 were
saturated. At ENAC = -2,0 volts, some of the diodes changed state
and diodes 1, 4, 5, and 8 are cutoff while 2 is active and 3, 6, and 7
are saturated,

Figure 29 gives more of the same information. The same is
true for the first part of Figure 30. The last part gives the values of
the variable input, ENAC, at which no state could be found. An
explanation of this occurrence will be given later in this section.

Figure 31 is a listing of the output solutions at each point through
which the variable input parameter, ENAC, is varied. Column two is
starred to indicate that it contains the output which is being plotted and
also is the one being tested for worst case if a worst case test is
required.
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Due to the large number of input parameters on the log com-
pression amplifier it was necessary to break the circuit into two parts.
To compensate for this break, the output impedance of the first part
was calculated and used as an input to the second part and the input
impedance of the second part was calculated and used as a load on the
first part.

To check the loading effect of the second part on the first part,
loads varying from 4K ohms to open circuit were put in parallel with
Rgg)- In no case was the change in I7 ] or I} , more than 0.3 percent.

Using the Envelope 7094 Computer Program, each of the four
output currents were calculated with the input parameters set at
nominal and at both worst case minimum and worst case maximum
values with respect to each output current. These calculations were
made at temperature settings of 25 C and -50 C.

The first part of the circuit was analyzed by varying the input
ac voltage from -2.5 volts to 2.5 volts in 20 steps. With the input
parameters set at the nominal 25 C values, IL1l, the first load current
varied from -0.504 ma to 0.429 ma. These values were obtained from
Figure 30. It should be noted in this figure that there were three
points of input voltage, ENAC, at which no solutions were found. The
first point, -1.0 volts, has no solution because the diode voltage of
one or more of the diodes were such as to place the diodes in a tran-
sition region. This is to say, with the diodes in one state, the node
voltage solutions indicate a different state. When this state is tried,
the solution indicates the previous state. When using piecewise
linear approximations of curves, an occurrence such as this is always
possible. The other two points of no solution are caused for a
different reason. The envelope routine can only try to use states in
the list which the analyst gives it. The correct diode states for these
two points were not in the list, and therefore no solutions were found.

Figure 35 is the output solution data with the input parameters
set to give a worst case maximum solution of load current on IL1. As
expected, the magnitude of IL1 drifted high. With a -2. 5 volts input
the nominal value of IL]l was -0. 504 ma while at worst case maximum
IL1 was -0.610 ma. Figure 40 is the output solution data with the
input parameters set to give a worst case minimum solution. The
points at which no solutions were found are due to the reasons
previously described.

VIi-12




EM 1063 -7

Results from the analysis at worst case minimum parameter
values for IL1 show that the gain of the first stage drops off enough so
that the third diode tries to go out of the saturated region into the
active region before the second diode does. From those points at
which a solution was found, it can be seen that the current IL1 did drop
in value with respect to the nominal run. The individual plots of load
current 1, IL1 vs input voltage ENAC at 25 C for nominal, maximum
and minimum values of IL]1 are shown in Figures 39, 40, and 41.

The same results obtained with the parameters set at their 25 C
values were obtained with the parameters set at their -50 C values with
respect to the shape of the curves of IL1 vs ENAC. The nominal
curves of IL1 vs ENAC at 25 C and -50 C were very nearly the same
in magnitude. The worst case maximum curve at -50 C swung about
as far away from the worst case maximum curve as 25 C swung away
from the 25 C nominal curve. The output results for the -50 C runs,
with respect to IL1, are shown in Figures 42 through 53. The
individual curves of IL1 vs ENAC at -50 C for nominal, maximum, and
minimum values of IL1 are shown in Figures 54, 55, and 56.
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VI, TEMPERATURE ANALYSIS

An analysis of the fluctuations in the output current as a function
of temperature was conducted for the Log Compression Amplifier.
The various phases of the analysis will be described first in this
section, followed by the results and/or any pertinent information
uncovered.

For ease of following the various phases and for continuity, the
overall program has been broken down into seven phases. These are
described below:

A. Phase One

The matrix equation of the circuit and the solutions at 25 C
are presented first. This provides a bhasis for comparison
with the other phases of the analysis.

B. Phase Two

In the second phase, the partial derivatives of all output
variables with respect to each of the input parameters are
calculated. This is the same procedure that is used in the
MANDEX Worst-case analysis. FEach input parameter is
incremented, in one percent steps, *4 percent about its
mean value. At each step, the matrix equation is solved
and the values of the output variables determined. These
values are substituted into an eight-point central derivative
formula which is then evaluated, yielding the desired par-
tial derivatives.

C. DPhase Three
It is possible to determine the derivative of any output vari-

able with respect to temperature in several ways. In this
phase of the analysis, the following formula was used:

d oV, zn a0V  aPi
X
dT B — aPi 8T
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where
Pi is input parameter i
n is the number of input parameters

OVX is output variable x.

It should be noted that the first term after the summation
sign is the partial derivative calculated in Phase 2. The
second term after the summation sign, the partial of the
input parameter with respect to temperature, is merely the
temperature coefficient of the part multiplied by the mean
value of the part. That is;

9 Pi

= §iPi.
9T

Since the temperature coefficient and the nominal values of
the parameter are input data, and the partial of the output
variable with respect to the input parameter has been calcu-
lated in Phase 2, it is possible to evaluate the summation
and determine the required derivative. In addition to this
derivative it might be of interest to know which terms
contributed the most in this summation., For this reason,
the percentage contribution of the individual terms was
calculated and printed out. The expression for this is:

aove.P

oFrP. "j )

. . .th
% contribution of j— term = J .

n
i=1

P
9

Phase Four

Since the overall analysis of this circuit is concerned directly
with temperature effects, each input part parameter has been
expressed as a function of its temperature coefficient and

ambient temperature. The generalized form is:

Parameter Value = Po+ § Po (T - 25°)
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where

Pois the parameter value @ 25° C and
T = ambient temmperature.

It is possible to calculate the derivative of the output cur-
rent with respect to temperature directly by using the above
relationship of temperature and parameter values, as has
been done in this phase. The procedure is basically the
same as that presented in Phase 2 except that the only
parameter incremented here is temperature. At each
increment of temperature, new input parameter values were
determined and using these new values in the matrix equa-
tion, a new set of output variable values was determined.
The temperature was incremented eight times and once again
the eight-point central derivative formula was used, this time
yielding the desired derivative directly.

Phase Five

The equation presented in Phase 3 is used in this phase also.
In this section, the individual terms of the summation

Z a—O\—/ fiPi are multiplied by the change in

temperature to give the change in output variables that
would result. Initially, temperature is set to -50 or a AT
of -75 degrees and the following product is computed and
printed out:

20V 0 OVX
X .
= i Pi - = i P T

onxl. 7501 Pi(T - 25) = —= 0i Pi A

i
where

AOVxl equals the change in output variable, x, due to

i input parameter i.

After each term in the summation has been evaluated in the
above manner, the individual increments of the output
variable are summed to present the total expected change
in the output variable. This same procedure is followed
for each output variable of the circuit.
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F. Phase Six

Since the parameter values have been specified as a function
of temperature (see Phase 4), the value of temperature is
set to -50 degrees and new parameter values calculated.
These new values are substituted into the matrix equation
which is then solved and the solutions, along with the matrix,
printed out at this point.

G. Phase Seven

The total change in each output variable between 25 and -50 C
is now computed. This value is arrived at by subtracting
the value of the output variable obtained in Phase 1 from the
value of the same output variable obtained in Phase 6. For
a check on the linearity of the circuit with respect to
temperature, this change may be compared with the change
calculated in Phase 5.

Phases 5, 6, and 7 are then repeated for 0 and +50 degrees
completing the analysis,

The thermal analysis was conducted on the first part of the log
compression amplifier. The entire circuit could not be simulated on
the computer because the number of parameters involved exceeded the
maximum allowable limit for the program. Therefore, only that seg-
ment of the circuit which appears in Figure 5 was analyzed. The
results of this analysis can be translated to the second stage of the
circuit to determine the overall effect of temperature on the circuit.

The first part of the circuit was analyzed at the following temper-
atures: 25 C, 0 C, -50 C, and +50 C. The ac operation of the circuit
was used during this analysis and the input voltage was set at 0.1 volts.
This input signal set up the following conditions for the four diode-pair
stages. The first and second stages off, third stage partially on, and
the fourth stage fully on. There were 75 input parameters and 22 out-
put variables in this analysis. A listing of the input parameters appears
in Table 8. Parameters 26 and 27, RL1 and RL2, represent the output
load impedance and have been set equal to 100 ohms. The DRF terms
represent diode resistance and the DVF terms represent diode voltages
(the diode voltages are equal to 0 in ac operation). All input parameters
which have Q as the first letter are transistor parameters. Of the 22
output variables, 1 through 19 are the node voltages, 20 is ILl, the
current through RL1, 21 is IL2, the current through RL2, and
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Table 8. Input Parameters

Symbol No. Symbol No. Symbol No.
RIN 1 RL1 26 QVBEO3 51
R556 2 RL2 27 QVBE04 52
R557 3 DRFO001 28 QVBEO05 53
R559 4 DRF003 29 QVBE06 54
R561 5 DRF005 30 QVBEO07 55
R562 6 DRF007 31 QVBEO08 56
R563 7 EINAL 32 QHOEO1 57
R564 8 DVF00l1 33 QHOEO2 58
R566 9 DVF002 34 QHOEO03 59
R567 10 DVF003 35 QHOEO04 60
R568 11 DVF004 36 QHOEO5 61
R569 12 DVF005 37 QHOEO06 62
R572 13 DVFO006 38 QHOEO07 63
R573 14 DVF007 39 QHOEO08 64
R574 15 DVF008 40 QHFEOL 65
R577 16 QHIEOL 41 QHFEO02 66
R578 17 QHIEOZ 42 QHFEO03 67
R579 18 QHIEO3 43 QHFE04 68
R581 19 QHIE04 44 QHFEO05 69
R582 20 QHIEO5 45 QHFEO06 70
R583 21 QHIE06 46 QHFE07 71
R584 22 QHIEO07 47 QHFEO08 72
R586 23 QHIEO08 48 DRF006 73
R587 24 QVBEOL 49 DRF008 74
R591 25 QVBEO0Z 50 TEMP 75

22 is designated VOUT and represents the voltage input to the second
half of the circuit. (VOUT is equivalent to node 17.)

Figures 57 and 58 present the nominal matrix or the matrix equa-
tionat 25 C and the solutions for all 22 output variables at these conditions.
It should be noted that the two output variables of greatest interest, IL1
and 1L.2, are equal to 0. 072 ma and -0. 262 ma, respectively.

Phase 3 of the analysis was the computation of the partial deriv-
ative of all output variables with respect to temperature using the
formula described under phase three (para. C). It should be noted that
this formula is only an approximation of the true derivative. Unless the
value of the partial derivative remains constantregardless of the varia-
tions of other input parameters, this formulais not exact. However, the
evaluation of the derivatives inthis manner is extremely beneficial because
itpresents away todetermine the sensitivity of the derivative with respect
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- 4 - L 4 v - L 4

to each input parameter. This will be clarified by referring to
Figures 57 and 58,

Figures 59, 60, 61, and 62 show the computer print out for the
computation made on ILl, The first number presented in Figure 59 is
the derivative of IL1 with respect to temperature and is equal to 0, 124
MA/°C. The remainder of the figures depict the values of the individual
terms divided by the summation. It should be noted at this point that
since some of the terms are positive and others negative, the arith-
metic summation is considerably different from the absolute value
summation and seemingly erroneous results occur. For example, it
can be noted that input parameters 65, 66, 67, and 68 contribute 22 per-
cent, 73 percent, 22 percent, and 65 percent, respectively, to the
total value of the derivative, This is a total of 182 percent.and seems
to be in error. The results are valid, however, because of the nega-
tive terms which introduce a negative percentage which will reduce the
summation of the percentages to exactly 100, Parameters 65 through
68 are the gains of the first four transistors and are by far the most
influential factors on the output current variation.

The derivative of IL2, with respect to temperature, is shown in

~ Figures 63, 64, 65, and 66 as -0.433 u A/°C which was expected since

there is one amplification stage separating ILl and IL.2. The major
factor in this derivative is parameter 70, the gain of transistor 6,
which appears in the third stage. It can be noted from these figures.
that the value for this individual term is 104 percent of the total,
which means that parameter 70 would tend to cause greater fluctuation
in IL2 than is obtained, but the majority of the other parameters have
the tendency to correct for this fluctuation.

Since it is recognized that the formula used is only an approxi-
mation, the derivative of the output variables, with respect to temper-
ature, was determined directly using the eight-point central derivative
formula. The values determined directly are 0. 154 uA/°C for ILl and
-1.25 uA/°C for 1L2. The close correlation (see Table 5) between
IL1 terms indicates that there are very little higher order effects
influencing this., For IL2, however, there is a factor of three differ-
ence between the two values which indicates that the higher order
effects influencing II.2 cannot be neglected.
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Table 9. Comparison of Phase 3 and Phase 4 Results (CLITL)
Phase 3 - Approx Phase 4 - Direct
Formula Calculation
1
diL. 124 4 A/°C .154 pA/°C
dT
1.2
dl -.433 n A/°C -1.25 p A/°C
dT
Temperature = -50 C

With all the necessary calculations required for a comparison of
temperature effects calculated at 25 C, the first temperature setting
evaluated was -50C. The first step in the analysis was to use the
equation described in Phase 5. Figures 67 and 68 present the effects
of each input parameter's fluctuations due to temperature on IL1., The
last line in Figure 68 is the summation of all the individual effects and
is equal to -9.28 u ma. Glancing down the column of numbers, it is
readily seen that parameters 65 through 68 cause the greatest change.
This was predicted previously. The many zeros appearing in the
column of numbers are due to the fact that those parameters do not
appear in the matrix equation for this circuit under the given operating
conditions. Figures 69 and 70 present the same information for IL2.
However, the total change predicted for this current is 0.032 ma. As
pointed out before parameter #70, the gain of the sixth transistor tries
to induce a change of 0. 034 ma (which is greater than the total change).

Since it has been demonstrated that higher order effects influence
the value of IL2, it was necessary to calculate the change in output
current from 25 C to -50 C directly. This was done and is explained
in Phase 6. Figures 71 and 72 present the matrix and the output
variable solutions at -50C, Phase 7 is presented in Figure 73 which
is merely the difference between the output variables at 25 C and -50 C.
For IL1, this difference turns out to be -0, 020 ma and 0. 105 ma for
IL2. Table 10 presents the comparison of the two methods of calcu-
lating the change. It can be seen that at lower temperatures, the non-
linear effects start to have a greater influence on IL2 than previously.
In addition, Table 10 presents the predicted change of ILl1 and IL2 as
calculated by taking the derivative (calculated in Phase 4) and multi-
plying it by the change in temperature, It can be noticed that the
correlation between these numbers and those predicted in Phase 7 is
very high.
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It is significant to note that the initial value of IL2 equals -0.262 ma
and the expected change equals 0.105 ma, which is about 40 percent.
Perhaps of greatest significance is the fact that this is the effect due
to temperature alone and does not include any other degrading effects
that parameter tolerance might have. The effects of temperature are
not as great on IL1. However, it is still in the neighborhood of

28 percent,

Temperature = 0 C, 50 C

Figures 74 through 87 present the results of the analysis per-
formed at 0 C and at +50 C. The format is the same as previously
described in the analysis at -50 C and the computer print outs are
identified as to their temperature identifications. All of the results are
summarized in Table 6. As this table demonstrates, the most serious
application of this circuit, from a temperature standpoint, is the
-50 C level as was anticipated. This is due mainly to the large tem-
perature differential that is experienced (-75 C). It should also be
noted that the change in load currents by increasing temperature 25 C
is not the same as that obtained by decreasing it 25 C with a sign
reverse, indicating some of the non-linear effects of temperature. It
should also be reiterated at this point that the values for the temper-
ature coefficient, # , are in themselves non-linear, but for the purpose
of this analysis are assumedto be linear., This would further add to
the complexity of prediction of temperature effects and it is impossible
to predict what the effects would be.

The results of this analysis can only indicate that temperature
alone can have a considerable effect on degrading the circuit perform-
ance. With combined circuit tolerance, it is felt that this degradation
would be more pronounced. The major factors contributing to this
temperature degradation are the transistors, specifically the gains.

If satisfactory circuit performance is not obtained, then a tighter con-
trol on this parameter would be necessary.
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VIII. SUMMARY OF CONCLUSIONS

The Log Compression Amplifier circuit was analyzed by several
different computer techniques. Each of these showed consistent re-
sults. The detailed results of the analysis are discussed in the fore-
going. In general, the circuit performs well under nominal conditions.
The fluctuations in the output currents due to parameter tolerances and
environmental changes are quite large if the extreme worst case
conditions are assumed. It is recognized that these extreme conditions
are not necessarily realistic assumptions. However, the extreme
conditions do provide a bound on the output variables.

The design criteria for the circuit was not known and it is not
possible to determine whether changes in the output currents lie within
the design limits., The significant advantage of the computer techniques
employed is that they pin point the parameters that have the greatest
effect on the output variables. That is, they provide a means of deter -
mining how sensitive the currents are to changes in specific compo-
nent parameters.,

Throughout each of the analyses, the ac gain of the transistors
(hfe) was the most significant parameter in affecting the output currents.
If it is desirable to maintain a more stringent bounds on the output
currents, a transistor with tighter tolerance on the hge should be
selected.

DC analysis indicated that the transistor bias was satisfactory
even under extreme conditions.

VIII-1
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APPENDIX I

1. MANDEX WORST-CASE ANALYSIS

This paper explains the Modified AND EXpanded (MANDEX)
Worst-case Circuit Analysis Computer Program which utilizes a digi-
tal computer capable of determining the effects of variation in circuit
input and part parameter on circuit performance. In the MANDEX
method, the computer calculates the first derivative of all output vari-
ables with respect to the input parameters and, using these derivatives,
sets the input parameters to their end-of-life condition so that a worst-
case solution for the output variable is obtained. The computer deter-
mines whether performance is acceptable at this worst-case condition,
and prints circuit information accordingly. This procedure is repeated
for all output variables. In addition to determining whether or not a
circuit design will meet worst-case criteria, the program provides the
designer with information to aid in improving the design.

To perform this analysis, it is necessary that a mathematical
model, which may be programed, be derived from this circuit. The
value of the part parameters and their end-of-life limits, the mathe-
matical equations describing the circuit output variables, and failure
criteria must also be programed into the computer.

1.1 Definitions

Before proceeding with the explanation of the analysis technique
it is necessary to define several terms in order to prevent confusion in
the discussion. These definitions are as follows:

Input Pararaeter - A representation of an input signal to a circuit
and/or a representation of a particular electrical characteristic
of a component part; i.e., R

Vin = input signal.

cx = transistor saturation resistance;

Output Variable - Any circuit function or stress dependent upon
the values of the input parameters; i. e., V¢ = output signal;

P, = transistor collector dissipation.

Partial - The ratio of the change in an output variable to the
change in an input parameter.
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1.2 Input Requirements

There are three basic inputs to the program: (1) the MANDEX
Method Logic Program, (2) the input data, and (3) the equivalent
circuit subroutine.

The input data consist of three sections. The first contains
necessary input parameter information; i. e., the nominal value and
the upper and lower end-of-life drift percentages of the input param-
eters. The second section lists the output variable requirements
against which the output variable will be compared. These require-
ments reflect the proper application of both circuit and parts. The
third section, which is optional, is a list of actual measurements of
the output variables from the breadboard.

The circuit subroutine contains the equivalent circuit, equivalent
circuit failure criteria, and output variable formulas. The equivalent
circuit includes the inputs and outputs of the circuit, considering load
impedance, input signal, and input generator impedance. The nodal
method of writing circuit equations is generally used, although the
loop-current method can be used equally well. However, the method
that describes the circuit in the least number of equations will achieve
a saving in computer time later in the analysis. The circuit equations
should be verified by experimental data.

The measurements and solutions to the circuit equations should
be compared, and the results of each must be compatible. If any dis-
crepancies exist between the two, it will be necessary to alter the
equivalent circuit to more accurately represent the physical circuit.

To determine if the equivalent circuit is functioning properly,
circuit failure criteria must be written in terms of the equivalent cir-
cuit's parameters and the solutions to the circuit equations. These
criteria can be developed for any part in the circuit that has two or
more stable states. If the circuit is successful with a part in either
state, then special logic is incorporated into the computer program to
change the matrix to represent this part in its alternate state. This
logic will be used only if the criteria indicate that the part has changed
its mode of operation. As an example, consider the case in which a
diode is operating above the knee of its characteristic curve. The
dynamic impedance at that point will be relatively small as compared
to the irnpedance below the knee. It is obvious then that the same
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equivalent circuit will not suffice for both cases. Therefore, a test of
the voltage across the diode must be made to determine if the proper
equivalent has been used. If the test shows that the voltage is correct,
the program may continue. If not, a new equivalent circuit must be
used.

Output variables are a straightforward computation of items of
interest, such as stress functions, output voltages, etc. It is these
output variables which, when compared against their requirements,
will determine if the circuit has passed the worst-case conditions.

1.3 Program Operation

An abbreviated flow chart of the MANDEX Program is given in
Figure 1. The computer program will read in all input information
and print this information which the analyst may use as a check. It
will then solve the circuit equations with all input parameters at their
nominal value. If an equivalent circuit failure (as indicated by a mis-
representation of the mode of operation of a part) or an actual circuit
failure (as indicated by an output variable exceeding its limit) is experi-
enced, the computer will stop. If not, it will proceed to calculate the
nartials of all output variables with respect to all of the input param-
eters. This is done by varying the input parameters above and below
their mean values and making the appropriate substitutions in an eight-
point central derivative formula. Next, the circuit equations are solved
with each parameter sequentially at its end-of-life values. These are
called the "one-at-a-time' solutions. The use of these solutions will
be discussed.

The computer sequentially tests the worst-case conditions of all
output variables after these preliminary computations are completed,
If an output requirement states that a certain output variable must
remain below a given value, the computer will set all input parameters
with positive partials at their maximum end-of-life values, and all
parameters with negative partials at their minimum end-of-life values,
thus obtaining the worst possible case for the output variable. The value
of the output variable obtained from these conditions is compared with
its requirement. If it is within the requirement, the circuit is consid-
ered successful at that point and the next output variable is investigated.
If the value exceeds the requirements, the circuit is considered to have
failed. In either case, the information surrounding each output variable
is printed out. If a minimum output is required, the computer will
then set up the worst-case condition by setting the input parameters to
their end-of-life value opposite the sign of their partial, and proceed as

A-3
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before. It will then analyze the next output variable, and continue to do
so until all output variables have been investigated. The computer will
now print the results of the one-at-a-time, end-of-life solutions, and a
summary sheet gathered from all the worst-case solutions.

Although the program results in a large volume of useful informa-
tion concerning the circuit, the computer time for a ''typical'' circuit
(a circuit which requires about 20 simultaneous equations to describe
its operation) is approximately 3to 4 minutes on the IBM 7094 computer.

2. OUTPUT INFORMATION

Perhaps the best method of illustrating the value of the MANEX
Worst-case Circuit Analysis Computer Program would be to explain
the various sections of the computer printout and then explain the use

of the results.

2.1 Input Parameter Data

The first sheet that appears in the printout, ''Input Parameter
Data', is illustrated in Figure 2. The title of the circuit being analyzed
appears on the sheet. As can be seen, this example was a power sup-

ply regulator. After the circuit title, the number of input parameters
and output variables appears. The remainder of the sheet is devoted
to a description of all input parameters. This description contains the
input parameter symbols, the number assigned to each for the purpose
of analysis, the nominal or design center value, and the end-of-life
allowable values and percentages. For the illustration, the end-of-
life period was three years, hence the designation ''+3 or -3-year pt."
In the example analysis, there were 46 input parameters; however,
only 30 are listed due to space limitations.

2.2 Output Variable Test Information

Figure 3, "Output Variable Test Information, ' lists the symbols
and numbers assigned to each output variable. In addition, it lists the
maximum and/or minimum values against which the MANDEX worst-
case solutions are tested, and information as to whether the output
variables are tested for maximum or minimum values, or both.

Figures 2 and 3 are primarily printouts of information supplied
to the computer. In addition to providing reference information, they
serve as checks to see that the computer has received the correct
information.
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2.3 Nominal Solutions

The nominal matrix, its solutions, and the nominal solutions of
the output variables are presented next. Figure 4 is an example of
this information. The nominal matrix is listed row-wise in floating-
point notation with six elements per line.

Thus a 4 x 4 matrix

H (1, 1) H (1, 2) H (1, 3) H(1,4) T(1)
H (2, 1) H (2, 2) H (2, 3) H (2, 4) T(2)
H (3, 1) H (3, 2) H (3, 3) H (3, 4) T(3)
H (4, 1) H (4, 2) H (4, 3) H (4, 4) T(4)

would usually be programed to be listed
H(l,1) H(1,2) H(1,3) H(l,4) H(2,1) H(2,2)
H(2,3) H(2,4) H(3,1) H(3,2) H(3,3) H(3,4)
H(4,1) H(4,2) H(4,3 H(4,4) T(1) T(2)
T(3) T(4)

The nominal matrix solutions and the nominal solutions for the output
variables follow the matrix listing.

2.4 Detailed MANDEX Results

Figure 5 shows an example of the '"Detailed MANDEX Results"
section of a MANDEX analysis. This information is obtained for each
case in which an output variable is tested for worst-case maximum or
worst-case minimum value. For instance, in the example analysis
there were 12 output variables tested for both maximum and minimum
value, and 19 output variables tested for maximum value. Therefore,
there were 43 subsections (similar to Figure 5) in the '""Detailed
MANDEX Results' section of the example analysis.

In this example, the output variable V10 was tested for the maxi-
mum (i.e., most positive) worst-case value. As can be seen in the
first part of Figure 5, the allowed maximum value was -24.5 volts,

and the solution value was -23. 833 volts, hence the solution value

A-5
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failed the worst-case requirement by 0. 6673 volts. Next, under equi-
valent circuit check (EQU CKT CHECK), a zero is printed. This means
that all of the equivalent circuit success criteria that were written

into the circuit subroutine to check the validity of the equivalent cir-
cuit were met,

The next item is a check on the logic state of the matrix when the
output variable is tested for worst case. In most cases a ''l' will be
printed out, indicating the matrix was in the normal state. If, how-
ever, a change of matrix state is necessary, such as to allow for a
change of polarity on a diode, and this special logic has been written
into the circuit subroutine, a number code would be printed out to indi-
cate this special state.

The next part of this section gives details on output variable-
input parameter relationships. Listed in columns 3 and 4 are the nom-
inal values of the input parameters and the end-of-life values at which
the input parameters were set to give a worst-case solution of the par-
ticular output variable (V10 in this example). Column 5 lists the par-
tial derivatives of the output variable with respect to each of the input
parameters. Next are listed the changes in the output variable from
nominal, i,e., when each input parameter is moved from its nominal
value to its end-of-life point, while the other input parameters are
held at their nominal values. Summing these changes, of the same
sign, and calculating percent changes produces column 7.

The '""Percent Changes' column gives a good indication as to what
input parameters are important to the variation of the output variable
being tested for worst-case. Ideally, the values in the '""Percent
Changes' column would all be of the same sign: plus, (+), when testing
for a maximumvalue worst-case solution, and minus, {(-), when testing
for a minimum value worst-case solution. However, because a point
of inflection or zero slope may occur in the input-output curve, there
can be cases in which setting the input parameter in the direction indi-
cated by the sign of the partial may produce a change in the output
opposite to that desired. For example, in Figure 5, parameters R3,
R7, and R12 are set so that they tend to decrease V10 instead of in-
crease it. It can be seen, however, that the total contribution of the
three parameters to V10 is insignificant (-3 x 10-6 volts). Experience
with MANDEX has shown that in every case in which an input param-
eter was set to produce the wrong change in the output variable, the
error in the result was negligible.
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If the partial of an output variable with respect to an input para-
meter is a constant over the range of variation of the input parameter,
the partial computed about the nominal value of the input parameter (or
any other value of the input parameter within its range of variation),
times the change of the input parameter, is equal to the change in the
output variable due to changing the input parameter. If the variation of
the output variable with respect to an input parameter is linear, the
partial of the output variable with respect to the input parameter is a
constant. Therefore, the linearity of the input-output relationship can
be investigated by comparing the partial times the input parameter
change with the difference between the output variable solution when
the input parameter is at nominal and the output variable solution when
the input parameter is at its end-of-life value. The column entitled
"Linearity Check'' presents this comparison.

The last column, "EQ CKT TEST,' provides a check to show if

the equivalent circuit success criteria are met when each of the input
parameters is varied to its three-year end point.

An area of uncertainty that exists in the MANDEX analysis tech-
nique concerns the effects that interrelationships of the input param-
eters may have on the output variables. For instance, if these effects
were not present, the sum of the output changes from nominal when the
input parameters are varied one at a time to their three-year end
points would equal the difference between the output variable solution
with all input parameters at their three-year end points, and the output
variable solution with all input parameters at their nominal values.

To provide an indication of the effects of interrelationships of the input
parameters on the output variable, the above comparison is made. As
shown in Figure 5, the sum of the '""Output Change from Nominal" col-
umn (1.206) and the worst-case solution of the output variable minus
the nominal solution of the output variable (1. 154) are given for com-
parison. Also given is the sum of the "Partial Times Input Change"
column (1. 248). If the variations of the output variable with respect to
all the input parameters were linear and there were no interrelation-
ships of the input parameters, the three values would be equal. In
practice, these quantities are probably never exactly equal. At the
present state of development of MANDEX, engineering judgment must
be used to evaluate the above effects. These effects were not consid-
ered to be a problem in the example given.

The last item in the '"'Detailed MANDEX Results" sectionis a
list of the solutions of all output variables when one particular output
variable is tested for a worst-case solution. The solutions are listed
across the page in the standard floating-point notation.
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2.5 One-at-a-time Solutions

As was indicated in a preceding section, solutions of the output
variables are obtained for one-at-a-time variation of the input param-
eters. That is, the first input parameter is set at its maximum value,
while all other input parameters are set at their nominal values and
the solutions of the output variables are calculated. Next, the input pa-
rameter is set at its minimum value and solutions of the output vari-
ables are calculated. The computer follows the same procedure for
the second, third, etc, until all input parameters have been varied.
Figure 6 is an example of the printout of the one-at-a-time solutions

of the output variables. The solutions of the output variables are
listed in standard floating-point notation in order across the page.

2.6 Summary

Since the MANDEX Analysis Program results in a large volume
of information, a section summarizing the MANDEX analysis was made
part of the program. This summary is designed to be attached to the
report to the Design Review Board describing the MANDEX analysis
of the design.

The summary consists of three parts: (1) circuit description and
a listing of the input parameters and their variations allowed, (2) the
MANDEX results, which contain a listing of the output variables; the
limits against which solutions for these output variables were tested;
the worst-case solutions for these output variables; an indication if the
requirement was not met; an indication if the equivalent circuit was not
valid; and the index numbers of input parameters which contribute
more than 20 percent of the variation in a particular output variable;
and (3) a comparison of the nominal solutions of the output variables
with measured breadboard values.

The first part of the summary is a repetition of Section 1 of the
MANDEX analysis and is illustrated in Figure 2. Figure 7 is an exam-
ple of the "MANDEX Results'' part of the summary. The "MANDEX
Results' page summarizes the '"Detailed MANDEX Results' section of
the analysis. As stated above, the maximum and/or minimum values
of the output variables that were tested for worst-case maximum or
worst-case minimum are listed on the "MANDEX Results' page.
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